INTRODUCTION
Central cholinergic neurons are involved in a wide variety of brain functions, including attention, cognition, learning, memory, control of sleep and wakefulness, motor function, and many others [1] . Dysfunctions of central cholinergic systems, while involved in a variety of neuropsychiatric disorders, are particularly prominent in senile dementias such as Alzheimer´s disease (AD) and dementia with Lewy bodies (DLB) [2, 3] . In AD, degeneration of basal forebrain neurons reduces cholinergic tone in the cortex and hippocampus and strongly contributes to the extent of cognitive dysfunction in patients. In DLB, which involves multiple neurotransmitter systems, the cholinergic system shows the most prominent neurodegeneration, which correlates with disease severity [4] .
Acetylcholine (ACh) is the only classical neurotransmitter that -after release into the synaptic cleft -is inactivated by enzymatic hydrolysis. Acetylcholinesterase (AChE, EC 3.1.1.7) was identified as the enzyme responsible for termination of cholinergic transmission by cleavage of ACh to acetate and choline; AChE is found in cholinergic synapses in the brain as well as in autonomic ganglia, the neuromuscular junction, and the target tissues of the parasympathetic system [5] . Inhibition of AChE by cholinesterase inhibitors, such as donepezil and rivastigmine, causes an increase of extracellular ACh levels in the brain of rodents [6, 7] . Treatment of AD and DLB patients with cholinesterase inhibitors causes symptomatic benefit and seems to delay disease progression for 6-12 months [8, 9] .
Butyrylcholinesterase (BChE, EC 3.1.1.8) is an additional cholinesterase only found in mammals and birds [10] . ______________________________________ Human BChE (accession #P06276) shares 52% amino acid identity with AChE (accession #P22303) but is coded by a separate gene. It is widely distributed in the body but its function is poorly characterized; one suggested function of BChE in plasma is protection of AChE against inactivation by naturally occurring esterase inhibitors. In the brain, BChE is largely expressed by glial cells although some data support its presence in cell bodies and proximal dendrites of certain neuronal populations, e.g. in thalamus and hippocampus [11] . Recently, brain BChE has garnered much interest because of suggestions that it may contribute to ACh hydrolysis in AD [12, 13] . BChE was shown to be functional in the brain of AChE-knockout mice [14, 15] . Moreover, an increase of cortical ACh levels was observed after treatment of rats with a BChE-selective cholinesterase inhibitor [16] . Importantly, in severe AD, AChE activity is known to decrease by as much as 85 % during the course of disease while BChE activity remains unaltered or may even increase [17, 18] . To enhance ACh levels in severe AD, inhibitors of BChE have been proposed as potential therapeutic drugs [19] . This approach could now be tested experimentally because mice were created that are devoid of AChE activity [14] .
AChE-/-mice are viable but show a phenotype that is consistent with peripheral cholinergic hyperactivity, including muscle weakness; because of the latter, they have to be fed a liquid diet to survive [20] . The mice exhibit persistent tremors and are seizure-prone, two characteristics that suggested cholinergic hyperactivity in the brain [14, 21] . Brain morphology and central cholinergic pathways appear normal in these mice; BChE levels are unchanged [15, 21] . We recently reported that microdialysis studies are feasible in these animals, and that brain (hippocampal) extracellular ACh levels are dramatically increased [22, 23] . Furthermore, we showed that in the absence of AChE, hippocampal ACh levels are increased by bambuterol, a specific inhibitor of BChE activity [22] . This was the first unequivocal evidence for a role of brain BChE in mammals, namely hydrolysis of ACh when AChE activity is impeded.
In the present study, we used AChEdeficient mice and microdialysis to compare two marketed drugs, rivastigmine and donepezil, for their ability to increase ACh levels in the hippocampus of AChE-/-mice.
METHODS

Animals
AChE-/-mice in strain 129S6/SvEvTac were created and genotyped in the Lockridge lab as previously described [14] . These mice had no detectable AChE activity in any tissue. Experiments were performed in adult male and female AChE-/-and AChE+/+ mice. Mice were housed in a facility with controlled temperature and humidity and a day/night cycle of 12/12 hours. They had free access to food and water. As described [20] , AChEdeficient mice were unable to chew pelleted food and were maintained on a liquid diet (Ensure® Fiber with FOS, vanilla flavor, Abbott Laboratories, Columbus, OH). All procedures were in accordance with NIH guidelines and were approved by the local Institutional Animal Care und Use Committee at TTUHSC.
Microdialysis experiments
Mice were anesthetized with isoflurane (induction dose 4%, maintenance dose 1-1.5% v/v) in a 25%/75% mixture of oxygen and nitrous oxide and placed in a stereotaxic frame. Self-made I-shaped, miniature, concentric dialysis probes with an exchange length of 1 mm were implanted in the right dorsal hippocampus using the following coordinates (from bregma): AP -2.0 mm; L -1.8 mm; DV -2.3 mm [22, 23] . The mice were allowed to recover over night, and experiments were carried out on two consecutive days after probe implantation in freely moving animals.
On the experimental days, the microdialysis probes were perfused with artificial cerebrospinal fluid (aCSF; 147mM NaCl, 4mM KCl, 1.2mM CaCl 2 and 1.2mM MgCl 2 ) without cholinesterase inhibitor. The perfusion rate was 1 µl/min, and efflux from the microdialysis probe was collected in intervals of 15 min. After equilibration, samples were collected for 60 min to establish baseline values of ACh. Subsequently, the perfusion fluid was switched to aCSF containing rivastigmine or donepezil (both drugs were obtained in >99% purity from Novartis Co., East Hanover, NJ). After 90 min, perfusion fluid was switched back to drug-free aCSF and mice were further monitored for a period of at least 2 hours.
On day 3 after probe implantation, the mice were sacrificed. Brains were taken out and the right hemispheres, where the microdialysis probe was located, were fixed by immersion in buffered formaldehyde solution. After fixation, coronal sections were made manually with a razor blade and visually inspected to confirm the probe location in the hippocampus. All probes were observed to be located within the hippocampus.
HPLC analysis of acetylcholine
ACh in dialysates was determined by microbore HPLC-ECD using a metal-free system from Bioanalytical Systems (West Lafayette, IN) which consisted of a low-speed pump (BAS PM-80), separation column (SepStik, 530 x 1 mm), enzyme reactor (50 x 1 mm) carrying immobilized AChE and choline oxidase, and electrochemical detector (BAS LC-4C) with a platinum electrode operating at +0.5 V relative to the Ag/AgCl reference electrode. ACh was retained on the separation column, cleaved to choline and acetate by AChE, and choline was oxidized to H 2 O 2 by choline oxidase which was subsequently detected electrochemically. The mobile phase consisted of 29 mM monobasic sodium phosphate, 22 mM sodium acetate (both HPLC-grade, EM Science, Gibbstown, NJ) and 0.32mM disodium-EDTA (Fisher Scientific, Pittsburgh, PA), adjusted to pH 8.4 and preserved with Kathon CG (Rohm and Haas, Croydon, UK). The flow rate was 120 µl/min. At an injection volume of 5 µl, the detection limit of this system was 5-10 fmol/injection (coefficient of variance at 10 fmol: 19%).
STATISTICS
Time courses of acetylcholine release (Figs. 1 and 2) were compared using two-way analysis of variance for repeated measurements (software: GraphPad Prism®). This is the appropriate statistical procedure to compare two time courses with respect to interaction, column factor and row factor. P values given in the figure legends refer to the column factor which gives the probability that the curves are different from each other, taking time courses into account.
RESULTS
Extracellular levels of acetylcholine in untreated mice
In AChE-/-mice, average levels of ACh in the microdialysates were 775  275 fmol/5 min in mice that were later treated with rivastigmine (mean  S.D., N=12, Fig. 1 ) and 793  264 fmol/5 min in the mice that were later treated with donepezil (N=6, Fig. 2) . These values were about 30-fold higher (p<0.001) than those measured in wild-type AChE+/+ mice which were 26.7  7.9 fmol/5min (N=6, Fig. 3 ).
Effects of rivastigmine in AChE-/-mice
When administered through the microdialysis probe to AChE-/-mice, rivastigmine (1 µM) caused an immediate increase of hippocampal ACh levels by 30-50%. ACh levels continued to rise during the 60 min infusion and even after the infusion fluid had been switched back to aCSF (Fig. 1) . Maximum elevations of ACh (180-200% of baseline values) were observed two to three hours after the start of the infusion.
Rivastigmine at a higher concentration (10 µM) did not further increase ACh levels. Infusion of saline was without effect (Fig. 1) .
Effects of donepezil in AChE-/-mice
When infused into the hippocampus of AChE-/-mice, donepezil (1 µM) did not cause a significant change in the extracellular ACh level (Fig. 2) . DMSO (0.5%) in which donepezil had to be dissolved also did not affect hippocampal ACh levels (Fig. 2) .
Effects of donepezil in AChE+/+ mice
As donepezil was inactive in AChE-/-mice, we also tested the drug in the same concentration in wildtype mice. Infusion of donepezil (1 µM) in AChE+/+ mice rapidly increased hippocampal ACh levels by 150% within 45 minutes (Fig. 3 ). 
DISCUSSION
Butyrylcholinesterase is an enzyme of unknown physiologic function in mammals. It was suggested, however, that it may protect AChE from inactivation by scavenging potentially toxic AChE inhibitors [5, 10] . The AChE-deficient mouse is a valuable model to study the significance of BChE expression in the brain in the absence of AChE activity. While systemic inhibition of BChE proved to be toxic in these mice [14, 20] , we used the microdialysis technique which allows local infusion of drugs and determination of extracellular ACh in defined regions of the brain thus avoiding systemic toxicity. We chose to measure ACh levels in the hippocampus, a brain region that is important for learning and memory formation and in which cholinergic nerve endings typically deteriorate in neurodegenerative disease [24] . In agreement with our earlier study [22] , extracellular levels of ACh in the hippocampus of AChE-/-mice were dramatically increased (30-fold in this study). In the present study, we infused two therapeutically used AChE inhibitors to investigate the role of cholinesterase for ACh hydrolysis. We first tested rivastigmine which is a dual inhibitor of AChE and BChE [19] . Literature reports indicate increases of brain ACh, measured by microdialysis, when rivastigmine was given orally to rats [7, 25, 26] . In our hands, rivastigmine caused an increase of hippocampal ACh levels when infused at 1-10 µM in AChE-/-mice. In the absence of AChE, this increase of ACh must be due to inhibition of BChE, a conclusion that is in agreement with our previous findings [22] . As a carbamate, rivastigmine has a pseudo-irreversible mechanism of action; it binds and inactivates cholinesterases for several hours [27, 28] . The slow onset of action as well as the prolonged activity of rivastigmine even after infusion was stopped support the idea that rivastigmine causes a slow-onset, pseudoirreversible inactivation of BChE in the brain of AChE-/-mice. Donepezil is an allosteric, reversible inhibitor of AChE which is largely inactive as a BChE inhibitor (IC 50 for human AChE: 22 nM; IC 50 for human BChE: 4.1 µM) [12, 19] . The concentration of donepezil used for infusion (1 µM) was much higher than its IC 50 value for AChE (22 nM) . With this concentration, donepezil did not affect ACh levels in AChE-deficient mice. This finding supports the selective action of donepezil on AChE and demonstrates a lack of inhibition of BChE by donepezil in vivo.
To document that donepezil at 1 µM is capable of inhibiting AChE in vivo, we repeated the experiments with donepezil in wild-type mice. At 1 µM, donepezil significantly increased ACh levels in those mice to 250% of basal values. As expected, the donepezil effect disappeared when infusion was discontinued because donepezil is a reversible inhibitor of AChE. These data demonstrate that donepezil was present locally in sufficient quantities to inhibit murine AChE in vivo. In earlier reports in which donepezil was given systemically, it was also found to increase extracellular ACh levels in the brain of rats [6, 25, 29] .
The present results impact on the therapeutic use of cholinesterase inhibitors for the treatment of neurodegenerative diseases with cholinergic hypofunction, such as AD and DLB. It has been argued that it may be advantageous to use selective inhibitors of AChE for treatment because they offer a lower risk of peripheral side effects [30] . On the other hand, it has been pointed out that the activity of AChE is progressively reduced in central cholinergic dysfunction; in AD, for instance, values as low as 15% of controls have been reported in advanced disease [17, 18] . Accordingly, some authors believe that inhibition of BChEwhich is preserved in AD -may offer advantages in advanced disease [13] . It has been estimated that in late AD, the relative activity of BChE may be 11-fold higher than that of AChE [12, 19] . It seems likely, therefore, that the contribution of BChE to ACh hydrolysis in the brain increases in AD when the disease progresses. In this situation, drugs inhibiting BChE, or both AChE and BChE, may be more effective than specific AChE inhibitors.
There is some published evidence that inhibition of BChE activity may be of therapeutic relevance in dementia. BChE activity has been reported to be negatively correlated with AD disease severity, i.e. low BChE activity reduces disease progression (reviewed in [31] ). Recent clinical trials indicated that inhibitors such as rivastigmine (which co-inhibits AChE and BChE) were effective in patients that no longer responded to AChE-selective inhibitors such as donepezil (reviewed in [32, 33] ). While our data give evidence that rivastigmine, but not donepezil, inhibits BChE activity in the brain, more clinical work is required to support the concept of BChE inhibition in latestage dementia.
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